Abstract. The aim of the present study was to investigate whether necroptosis occurs in high glucose (HG)-induced H9c2 cardiac cell injury and whether the activation of aldehyde dehydrogenase 2 (ALDH2) can inhibit necroptosis. H9c2 cardiac cells were treated with 35 mM glucose to establish a HG-induced cell injury model. Alda-1 (20 µM), a specific activator of ALDH2 and necrostatin-1 (Nec-1, 100 µM), an inhibitor of necroptosis were used to treat H9c2 cardiac cells under HG conditions. Cell viability was measured using a Cell Counting Kit-8 assay and reactive oxygen species (ROS) generation was measured by the dihydroethidium staining method. ALDH2 activity was measured at 450 nm. The mRNA and protein expression of ALDH2, necroptosis-associated genes, receptor-interacting protein (RIP)1, RIP3 and mixed lineage kinase domain like pseudokinase (MLKL), were analyzed by reverse transcription-quantitative polymerase chain reaction and western blotting. The expression of cleaved caspase-3 protein was also examined by western blotting. The results demonstrated that under HG conditions, cell viability, ALDH2 activity, mRNA and protein expression were decreased. Furthermore, ROS generation, mRNA and protein expression of RIP1, RIP3, MLKL and the protein expression of cleaved caspase-3 were increased. Treatment with Alda-1 or Nec-1 attenuated HG-induced downregulation of ALDH2 activity, mRNA and protein expression. In addition, RIP1, RIP3, MLKL mRNA, and protein expression were downregulated.
Introduction
Diabetes mellitus is one of the most chronic and severe non-communicable diseases. Hyperglycemia-induced cardiac injury is one of the serious complications of diabetes, which can lead to myocardial oxidative stress, inflammation, calcium overload, cell death and ultimately myocardial failure.
There are different forms of cell death, including necrosis, apoptosis, autophagy, necroptosis and mitoptosis. Recently, necroptosis as a form of regulated necrosis has attracted widespread attention (1) . Apoptosis is a caspase-dependent process, as is widely established. During apoptosis, caspase activation is mediated by extrinsic signals that activate cell surface receptors or intrinsic signals that induce cytochrome c release from mitochondria. Similar to apoptosis, necroptosis is a form of regulated cell death, though it is not mediated by caspases. Necroptosis has been reported in the pathogenesis of various diseases, including myocardial ischemia, brain ischemia and inflammation (2) .
Necroptosis is mediated by the receptor-interacting protein kinase (RIP)1 and RIP3-dependent pathway. The association between high glucose (HG)-induced injury and necroptosis has been investigated by Liang et al (3) , who reported that RIP3 and reactive oxygen species (ROS) both participate in high glucose-induced inflammation in H9c2 cardiac cells (4) ; however, the detailed mechanism was unclear. Since ROS overload and necroptosis both participate in HG-induced cardiac cell injury, an interesting research question is whether interventions can be selected to inhibit the release of ROS and/or inhibit necroptosis in order to mediate a protective effect on the cardiac cells.
It was widely reported that the activation of aldehyde dehydrogenase (ALDH)2 has a number of implications on the brain, heart, lung, liver injury and cancer (5, 6) . The previous studies identified that the activation of ALDH2 can attenuate diabetes-induced oxidative stress and myocardial injury as well TINGTING FANG  1,2 , RUIPING CAO  1,2 , WENLIAN WANG  3 , HONGWEI YE  1,2 ,   LIN SHEN   2   , ZHENGHONG LI  1 , JUNFENG HU  3 and QIN GAO as inhibiting apoptosis (7) (8) (9) . However, it is unclear whether the activation of ALDH2 represses necroptosis as a mechanism for protecting cardiac cells. In the present study, the alterations in necroptosis in HG-induced injury of H9c2 cardiac cells were observed and the association between ALDH2 and necroptosis was investigated.
Alterations in necroptosis during ALDH2-mediated protection against high glucose-induced H9c2 cardiac cell injury

Materials and methods
Cell culture. The myoblast H9c2 rat cardiac cell line from the heart was purchased from Shanghai GeneChem Co., Ltd., (Shanghai, China Experimental protocols. The cells were incubated at 37˚C in a humidified 5% CO 2 atmosphere, the experiments were divided into 5 groups as follows: i) Normal control group, where H9c2 cardiac cells were cultured in DMEM supplemented with 10% fetal bovine serum; ii) a hypertonic control group (HPG), where H9c2 cardiac cells were subjected to 35 mM mannitol as an osmotic control for 24 h; iii) a high glucose group (HG), where H9c2 cardiac cells were subjected to 35 mM glucose stress for 24 h to induce cell injury; iv) an HG+Alda-1 group where H9c2 cardiac cells, which were subjected to HG stress were treated with 20 µM Alda-1 (a specific activator of ALDH2) (9) for 24 h and v) an HG+Nec-1 group, where H9c2 cardiac cells that were subjected to HG stress were treated with 100 µM Nec-1 for 24 h.
The hypertonic control group was used to exclude the role of the hypertonic effect. The aim of the HG+Alda-1 group was to investigate whether the activation of ALDH2 can attenuate HG induced-cardiac cell injury. The purpose for the HG+Nec-1 group was to observe whether inhibiting necroptosis can attenuate HG-induced cardiac cell injury.
CCK-8 assay. The CCK-8 assay kit was used to detect cell viability, according to the manufacturer's protocol. In brief, H9c2 cardiac cells (100 µl/well) were seeded into 96-well plates at a density of 8x10 3 cells/plate and incubated at 37˚C and 5% CO 2 overnight. A total of 10 µl CCK-8 solution was added to each well following the different treatments described above. Following 1-4 h incubation in the dark at 37˚C, cell viability was determined by measuring the absorbance at a wavelength of 450 nm using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).
Detection of alterations in superoxide production by DHE staining. Superoxide production was evaluated using the DHE staining method. H9c2 cardiac cells were seeded in 6-well plates at a density of 2x10 5 cells/plate. Following treatment with different interventions, the cells were incubated with 10 µM DHE solution at 37˚C for 30 min in a chamber in the dark at 37˚C and then washed with PBS 2-3 times. The cells were subsequently incubated with 1 µg/ml DAPI at 37˚C for 15 min in the dark. The fluorescent image and intensity of DHE was measured at 485 nm (excitation wavelength) and 590 nm (emission wavelength). DAPI was measured at 358 nm (excitation wavelength) and 461 nm (emission wavelength) with a fluorescent microscope camera (Olympus IX71; Olympus Corporation, Tokyo, Japan). Superoxide production was expressed as a mean fluorescence ratio (fluorescence of exposed cells/fluorescence of control cells) and the mean fluorescence intensity was analyzed with Image J software (version 1.48, National Institutes of Health, Bethesda, MD, USA).
Analysis of ALDH2 activity. ALDH2 activity may be determined by the Mitochondrial Aldehyde Dehydrogenase (ALDH2) Activity Assay kit (cat. no. ab115348; Abcam) and following the production of NADH in the following ALDH2-catalyzed reaction: Acetaldehyde + NAD + → acid + NADH. The reaction reduces a colorless probe to a colored product with strong absorbance at 450 nm. This experiment was conducted according to the manufacturer's protocol.
Detection of ALDH2, RIP1, RIP3 and MLKL levels by reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA in H9c2 cardiac cells was isolated using TRIzol ® reagent following the manufacturer's protocol (Invitrogen; Thermo Fisher Scientific Inc.). The purity and concentration of total RNA were detected using a microplate reader (Biotek™ Epoch™; Biotek Instruments, Inc.). A total of 3 µg total RNA was used to synthesize cDNA according to the protocol of the RT-qPCR kit (cat. no. K1691; Thermo Fisher Scientific Inc.). The total volume of each tube was 20 µl. The mixture was placed on a PCR machine under conditions of 42˚C 60 min and 70˚C, 5 min to obtain the cDNA. The volume of reagents used was determined according to the protocol of the qPCR kit (cat. no. RR091A; Takara Bio Inc.): 2 µl cDNA template (50 ng/µl); 0.6 µl upstream and downstream primers (final concentration, 0.3 µmol/l); 0.4 µl Rox reference dye; and 10 µl SYBR Premix DimerErase with the addition of enzyme-free water to a total volume of 20 µl. The thermocycling conditions were as follows: i) Pre-denaturation at 95˚C for 30 sec; ii) denaturation at 95˚C for 5 sec; iii) annealing at 60˚C for 30 sec and iv) extension at 72˚C for 34 sec. The steps 2-4 were repeated for 40 cycles. The dissolution curve was automatically generated by the thermocycler. The internal control GAPDH was used for correction and the normal group was used as a control. The 2 -ΔΔCq value was calculated as the relative gene expression level of each sample and the data was analyzed (10) . The sequences of the primers used are presented in Table I and the reference gene was GAPDH.
Detection of ALDH2, RIP1, RIP3, MLKL and cleaved caspase-3 levels by western blotting.
The expression of ALDH2, RIP1, RIP3, MLKL and cleaved caspase-3 proteins was detected by western blotting. H9c2 cardiac cells in each group were homogenized in the mixture buffer of radioimmunoprecipitation assay lysate (cat. no. P0013B; Beyotime Institute of Biotechnology) and PMSF (0.1 mM) for 60 min on ice. The mixture was centrifuged at 1,0621 x g for 15 min at 4˚C to obtain the total protein, and the concentration of protein was measured by bicinchoninic acid assay (cat. no. P0010; Beyotime Institute Biotechnology). Equal quantities of protein lysates (40 µg) were electrophoresed on 10% SDS-PAGE and transferred to a polyvinylidene difluoride membrane. Following blocking by 5% nonfat milk for 150 min at room temperature, the membrane was probed overnight at 4˚C with primary antibodies against ALDH2 (1:500; cat. no. sc-100496), RIP1 (1:500; cat. no. ab106393), RIP3 (1:400; cat. no. ab62344), MLKL (1:500; cat. no. DF7412) and cleaved caspase-3 (1:300; cat. no. 9664). Following washing, the membrane was probed with the corresponding secondary antibodies (goat anti-rabbit IgG; 1:8,000; cat. no. AP132P; Merck KGaA) at the water of 37˚C for 40 min then agitating (100 rpm for 20 min) at room temperature. Finally, the membrane was visualized using the enhanced chemiluminescence method (Immobilon Western Chemiluminescent HRP Substrate; cat. no. WBKLS0100; Merck KGaA). GAPDH (1:2,000; cat. no. PB0141) was used as a loading control. The autoradiographs were scanned using the ChemiDoc XRS Gel Image system and analyzed with the Image Lab software (version 3.0; Bio-Rad Laboratories, Inc., Hercules, CA, USA). The density value of each band was expressed as arbitrary units.
Statistical analysis. The data are presented as the mean ± the standard error of the mean. Software used for statistical analysis was Graphpad Prism ® (v6.0 for Windows; GraphPad Software, Inc., La Jolla, CA, USA). Statistical significance was determined using one-way analysis of variance followed by Newman-Keuls for comparisons between multiple samples. Experiments were repeated independently more than three times. P<0.05 was considered to indicate a statistically significant difference. 
Results
Alterations in cell viability in the different treatment groups.
Compared with the control group, HG significantly decreased the viability of H9c2 cardiac cells (P<0.01). Treatments with the ALDH2 activator, Alda-1 and the RIP1 inhibitor, Nec-1, significantly increased cell viability compared with the HG group (P<0.01). There was no marked difference in cell viability between the control and the HPG group (Fig. 1) . As the hypertonic solution had no obvious effect on cell viability based on the CCK-8 results, further experiments were not performed on the HPG group.
Alterations in the activity, mRNA and protein expression of ALDH2 in different groups.
Compared with the control group, HG intervention significantly decreased ALDH2 activity and ALDH2 expression at the mRNA and protein levels (P<0.01; Fig. 2 ). In the Alda-1+HG and Nec-1+HG groups, the activity and mRNA and protein expression of ALDH2 were significantly increased compared with in the HG group (P<0.05; Fig. 2 ). These results suggested that inhibiting necroptosis with Nec-1 induced increases in ALDH2 activity and expression, which was similar to the apparent mechanism of ALDH2 activation by Alda-1.
Alterations in ROS production in different treatment groups.
Compared with the control group, DHE fluorescence intensity was significantly increased in the HG group, indicating an increase in ROS (P<0.01). DHE fluorescence intensity was significantly decreased when the cells were treated with Alda-1 and Nec-1 under HG conditions (P<0.01; Fig. 3 ), which suggested that the activation of ALDH2 or the inhibition of necroptosis could reduce the over-production of ROS in HG-induced cardiac cell injury.
Alterations in RIP1, RIP3 and MLKL mRNA and protein expression in different treatment groups.
Compared with the control group, the expression of RIP1, RIP3 and MLKL at the mRNA and protein levels was significantly increased when the cells were subjected to HG intervention (P<0.05). In the Alda-1+HG and Nec-1+HG groups, the levels of RIP1, RIP3 and MLKL mRNA and protein expression were significantly decreased compared with in the HG group (P<0.05; Figs. 4 and 5) . The results suggested that necroptosis occurs in HG-induced cardiac cell injury. Furthermore, the activation of ALDH2 could downregulate necroptosis, which was similar to the apparent mechanism of inhibiting necroptosis via Nec-1.
Alterations in the expression of cleaved caspase-3 protein in different treatment groups.
Compared with the control group, the expression of cleaved caspase-3 protein was increased in the HG group. Compared with the HG group, the expression of cleaved-caspase 3 protein was significantly decreased in the Alda-1+HG group (P<0.05). However, there was no difference between the HG group and the Nec-1+HG group (Fig. 5) . The results suggested that the activation of ALDH2 could attenuate both the occurrence of apoptosis and necroptosis, while the inhibition of necroptosis by Nec-1 only attenuated necroptosis without having an effect on apoptosis (Fig. 6) .
Discussion
In the present study, it was first observed that when H9c2 cardiac cells were subjected to HG stress, the activity and expression of ALDH2 were downregulated, which was accompanied by increases in the expression of key mediators of necroptosis (RIP1, RIP3 and MLKL). This suggested that hyperglycemia induced the occurrence of necroptosis in a model of HG-induced H9c2 cardiac cell injury. Then, it was observed that the necroptosis inhibitor, Nec-1 and the ALDH2 activator, Alda-1, increased the activity and expression of ALDH2 and inhibited necroptosis. This result suggested that Recently, it has been reported that necroptosis (also named programmed necrosis) is one form of regulated cell death, which occurs in a number of diseases. Necroptosis is mediated by RIP1, RIP3 and MLKL, which forms the RIP1-RIP3-MLKL complex termed, the 'necrosome'. This complex is considered an important mediator of the necroptotic pathway (11) (12) (13) .
ROS are small and highly reactive molecules with important signaling transduction functions when maintained at proper cellular concentrations. ROS levels are increased when the body is in a pathological state and the accumulation of ROS can elicit necroptosis as well as apoptosis (14) (15) (16) . ROS production is considered as an effector of necroptosis in primary red blood cells, Jurkat T cells and U937 monocytes when they are subjected to HG stress (17) . ROS may also be considered as an effector of necroptosis (18) . ALDH2 is the mitochondrial isoform of the ALDH superfamily and is located in the mitochondrial matrix for removal of aldehyde substrates (19) . The cardioprotective role of ALDH2 has been noted in epidemiological and experimental studies, ALDH2 mutation reduces ALDH2 activity and is associated with cardiovascular, neurological, and digestive complications (19, 20) . The activation of ALDH2 can attenuate diabetes-induced myocardial injury (7, 8, 21) . ALDH2 had been widely recognized as a protective factor during organ injury triggered by different causes and one of its important protective mechanisms is inhibition of the overproduction of ROS (4). However, there are a limited number of reports regarding ALDH2 and necroptosis. Therefore, the present study aimed to observe the alterations in ROS, ALDH2 and necroptosis, and to analyze the likely mechanisms that are involved in HG-induced cardiac cell injury using H9c2 cells.
In the present study, it was observed that when H9c2 cardiac cells were subjected to HG stress, which was accompanied by a decrease in cell viability and ROS production, ALDH2 activity was decreased and the levels of ALDH2 mRNA and protein expression were downregulated. Additionally, the levels of RIP1, RIP3 and MLKL mRNA and protein expression were all increased. These results suggested that hyperglycemia induced necroptosis in H9c2 cardiac cells, which was accompanied by a decline in ALDH2 activity and expression, and an increase in ROS production. These results suggest that necroptosis and ALDH2 may be linked.
The inhibition of necroptosis can exert beneficial effects both in vivo and ex vivo. Nec-1 is a specific inhibitor of necroptosis that inhibits the interaction between RIP1 and RIP3, Nec-1 can mediate the protective effects in myocardial and brain ischemic injury in adult rodent models (22) (23) (24) (25) . Cardiac cells under HG stress were treated with Nec-1 in order to verify that necroptosis occurred under hyperglycemic conditions and to determine whether inhibiting necroptosis can protect cardiac cells. As a result, the expression of RIP1, RIP3, MLKL mRNA and protein were decreased; by contrast, cell viability and the activity and expression of ALDH2 were increased, and oxidative stress was also inhibited. These results indicated that under hyperglycemic conditions, the inhibition of necroptosis via the activation of ALDH2 and downregulation of ROS production could mediate a cardiac-protective effect.
As ALDH2 participates in the protective effect of Nec-1, it is interesting to speculate on a potential association between ALDH2 and necroptosis. In a study regarding ALDH2 and necroptosis, Shen et al (26) reported that ALDH2 deficiency may lead to unexpected cardiac dysfunctions by enhancing myocardial apoptosis and necroptosis in a mouse model. In the present study, it was observed that ALDH2 activity and expression were increased when necroptosis was inhibited. On the basis of the previously reported studies (7) (8) (9) 26 ) and the present study, whether ALDH2 is a regulatory factor in necroptosis was further questioned. Therefore, a specific ALDH2 agonist, Alda-1 was selected to treat H9c2 cardiac cells under HG conditions. The results indicated that with an increase in ALDH2 activity and expression, there was a decrease of the release of ROS, and the levels of RIP1, RIP3 and MLKL mRNA and protein expression were all decreased. This result suggested that inhibiting necroptosis was also involved in the protective mechanism of ALDH2 activation.
In the present study, another type of programmed cell death, apoptosis, was observed to be happening in HG induced cell injury. The results demonstrated Alda-1 but not Nec-1 could inhibit the protein expression of cleaved caspase-3, a terminal effector of apoptosis. The results were in accordance with the study by Liu et al (27) , where they reported that Nec-1 did not alter the expression of caspase-3 following spinal cord injury in adult mice. However, there are different viewpoints. Chang et al (28) reported that in a mouse intracerebral hemorrhage model, Nec-1 not only suppressed necroptosis but also suppressed apoptosis and autophagy. Therefore, there may be cross-talk between necroptosis, apoptosis and autophagy following mouse intracerebral hemorrhage. Liu et al (29) indicated that the inhibition of RIP3 may serve as a therapeutic strategy for Figure 6 . Possible mechanisms of the protective effects of activation of ALDH2 and inhibition of necroptosis in high glucose induced H9c2 cardiac cells injury. (A) Under high glucose conditions, ROS were over-released, the level of ALDH2 was downregulated and apoptosis, and necroptosis pathways were both activated. (B) With the presence of Alda-1 (the activator of ALDH2), accompanied by the increase of ALDH2, the overproduction of ROS was inhibited and apoptosis, and necroptosis pathways were inhibited. (C) When the necroptosis pathway was inhibited by Nec-1, the inhibitor of RIP1, accompanied by the inhibition of necroptosis, the overproduction of ROS was blocked, ALDH2 was increased but the apoptosis pathway was not affected. The solid black lines and arrowheads indicate activation; the dashed black lines and arrowheads indicate inhibition. MLKL, mixed lineage kinase domain like pseudokinase; RIP, receptor-interacting protein kinase 1; ROS, reactive oxygen species; ALDH2, aldehyde dehydrogenase 2; Nec-1, necrostatin-1. traumatic brain injury by suppressing inflammation, oxidative stress and apoptosis in a mouse model. Whether altering the levels of other proteins, including inhibiting RIP3 or MLKL, can exhibit an effect on apoptosis in HG-induced cardiac cell injury requires further investigation to analyze the connections of different cell death pathways.
In conclusion, necroptosis occurred in HG-induced H9c2 cardiac cell injury, suggesting that inhibiting necroptosis could have a cardiac-protective role. Furthermore, the activation of ALDH2 could improve cell injury by inhibiting necroptosis and apoptosis. The present study offers further insights into the role of ALDH2 in diseases. Inhibiting necroptosis may be a novel therapeutic tool for the prevention and treatment of diabetes-induced complications.
